We report the use of water extracts of two invertebrates, snail body and earthworm, as biocompatible reducing agents for the green synthesis of gold and silver nanoparticles. The reaction conditions were optimized by varying the extract concentration, gold ion or silver ion concentration, reaction time, and reaction temperature. The gold and silver nanoparticles exhibited their characteristic surface plasmon resonance bands. Mostly spherical and amorphous shapes of the nanoparticles were synthesized. The average diameters of the gold and silver nanoparticles were 4.56 ± 1.81 nm and 11.12 ± 5.25 nm, respectively, when the extract of snail body was used as the reducing agent. The earthworm extracts produced gold and silver nanoparticles with average diameters of 6.70 ± 2.69 nm and 12.19 ± 4.28 nm, respectively. This report suggests that the invertebrate natural products have potential as biocompatible reducing agents for the green synthesis of metallic nanoparticles. This utility would open up novel applications of invertebrate natural products as nanocomposites and in nanomedicine.
Invertebrate natural products are an important natural resource exhibiting various biological activities. Among invertebrate natural products, snails have been shown to possess valuable biological entities including glycosaminoglycans, peptides, lectins, and carbohydrate-degrading enzymes [1] . A new glycosaminoglycan, acharan sulfate, was isolated from the body of a giant African snail (Achatina fulica) possessing diverse biological activities [1] . Additionally, one of the conotoxins from the cocktail of marine cone snail peptides has been successfully developed as a painkiller and is currently on the market [1] . The presence of glycosaminoglycans, heparan sulfate and chondroitin sulfate /dermatan sulfate, in the total body extract of the earthworm Eisenia andrei has also been reported [2] . In addition, earthworm extracts have been reported to possess antithrombotic activity, anticoagulant activity, fibrinolytic activity, wound-healing activity, and inhibitory activity against influenza and adenoviruses [3] [4] [5] [6] [7] [8] [9] [10] . Kim and coworkers have demonstrated the dose dependency of antithrombotic and fibrinolytic effects in the administration of the earthworm Lumbricus rubellus powder orally to rats [4] . Additionally, the proteinase fraction from the earthworm Eisenia andrei showed antithrombotic effects when orally administered to rats on a venous thrombosis model [5] .
Recently, the emergence of nanotechnology has brought attention to the nanoscale world, with all materials in the nanometer range. In particular, inorganic nanoparticles have attracted many researchers' attention due to their potential applications. The applications of gold nanoparticles (AuNPs) include drug and gene delivery, catalysis, imaging, and biosensing [11] [12] [13] [14] [15] . Silver nanoparticles (AgNPs) exert potent antimicrobial activities with practical uses in wound dressings, bandages, implants, catheters, surgical masks, and personal health care products [15] [16] [17] . The common synthesis of AuNPs and AgNPs employs the reduction of gold and silver ions to the corresponding metal by chemical reducing agents [15] .
However, the chemical reducing agents are noxious and frequently use organic solvents that hamper the subsequent biological activity tests due to the lack of biocompatibility. The recent emergence of sustainability initiatives has encouraged the use of biological entities as reducing agents instead of noxious chemicals and the replacement of organic solvents with aqueous solvents in the synthesis of AuNPs and AgNPs. This green synthesis increases biocompatibility and decreases the amount of the toxic wastes in the environment. A variety of biological entities have replaced the noxious reducing agents, including polysaccharides, plant extracts, peptides, amino acids, viruses, bacteria, algae, fungi, and yeasts [18] [19] [20] [21] [22] [23] .
In this report, we describe the green synthesis of AuNPs and AgNPs using water extracts of two invertebrates, snail body and earthworm, as biocompatible reducing agents without the use of any noxious chemicals. All reactions proceeded in an aqueous solvent system, which increases the biocompatibility of the resultant metallic NPs. Four kinds of metallic NPs were prepared in the study: snail body extract-reduced AuNPs (snail-AuNPs), snail body extract-reduced AgNPs (snail-AgNPs), earthworm extract-reduced AuNPs (earthworm-AuNPs), and earthworm extract-reduced AgNPs (earthworm-AgNPs). Each reaction condition was optimized, and the NPs were characterized with their characteristic surface plasmon resonance (SPR) bands and high resolutiontransmission electron microscopy (HR-TEM).
The optimization of the reaction process for the synthesis of AuNPs and AgNPs was accomplished by changing four reaction factors, the percentage of invertebrate water extract, the concentration of solutions of the water extract were transparent and light brown in color. Upon the formation of AuNPs, the color changed from light brown to a red~pink~wine, with the characteristic SPR bands at 500-550 nm. For AgNPs, the characteristic SPR was observed at 400-450 nm with a dark brown color. Table 1 summarizes the optimized reaction conditions for snail-AuNPs, snail-AgNPs, earthworm-AuNPs, and earthworm-AgNPs.
The four representative UV-Vis spectra shown in Figure 1 were used to select the optimum conditions. The SPR bands of AuNPs and AgNPs synthesized with earthworm extract are shown in Figure  1A and 1B. The percentage of the extract was varied from 0.1% to 1.0% (w/v), and we selected the extract concentration at 0.5% for AuNPs ( Figure 1A ). In the case of AgNPs, the 0.1% (w/v) extract showed the maximum UV-Vis absorbance, so we selected 0.1% as an optimum concentration ( Figure 1B) . Figures 1C and 1D show the SPR bands of AuNPs and AgNPs synthesized with snail body extract. The maximum UV-Vis absorbance appeared at the concentrations of 1.25 mM HR-TEM is a commonly employed technique to obtain information related to the size, shape, and dispersion state of NPs. From HR-TEM images, mostly spherical and amorphous shapes of NPs were observed (Figures 2 and 3) . The dispersion state was excellent, with no agglomeration or aggregation of NPs, as judged from the images. The diameter histograms of the snail-AuNPs and snail-AgNPs are shown in Figure 2G -H. From 118 discrete NPs in the HR-TEM images, the average diameter of the snail-AuNPs was 4.56 ± 1.81 nm ( Figure 2G ). The most predominant diameter was 4~6 nm, which accounts for 47.5% of the total. The average diameter of the snail-AgNPs was 11.12 ± 5.25 nm from 182 discrete nanoparticles, with two abundant diameter ranges of 6~8 nm (15.9%) and 10~12 nm (15.4%) ( Figure 2H ). Snail-AuNPs were more monodisperse and had a narrower diameter distribution than snail-AgNPs. The diameter of the snail-AgNPs was approximately twice as large as that of the snail-AuNPs.
The diameter histograms of the earthworm-AuNPs and earthworm-AgNPs are shown in Figure 3G -H. The average diameter of the earthworm-AuNPs was 6.70 ± 2.69 nm from 108 discrete AuNPs in the HR-TEM images ( Figure 3G ). The most common diameter was 4~6 nm (34.3%), followed by 8~10 nm (13.9%). Earthworm-AgNPs had an average diameter of 12.19 ± 4.28 nm measured from 117 discrete NPs from HR-TEM images. The most common diameter was 11~13 nm (19.66%), followed by 13-15 nm (17.95%). Similar results were observed here as for snail extract: the diameter of the earthworm-AuNPs was approximately half that of the earthworm-AgNPs. As previously described, the snail possesses glycosaminoglycans, peptides, lectins, and carbohydrate-degrading enzymes [1] . The diverse functional groups of these biological entities might be attributed to the reduction of metal ions to their corresponding metals. The composition of the earthworm extracts has not been well characterized in the literature; therefore, future work will be conducted to find the potential reducing agents from the earthworm extracts.
Experimental

Materials and instrument:
The giant African snails (Achatina fulica) were obtained from a greenhouse (Yong-In, Kyung-Gi-Do, Korea), and the earthworm powders were purchased from a local supplier (Hwasun, Cheollanam-Do, Korea). HAuCl 4 . 3H 2 O and AgNO 3 were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other reagents were of analytical grade. The UV-Vis spectra were recorded on a Jasco V-550 UV spectrophotometer with a quartz cuvette (JEOL Ltd., Tokyo, Japan). Deionized water was used in all experiments.
Preparation of water extracts from snails and earthworms:
Lyophilized powder from the bodies of the snails was prepared according to our previous publication [24] . Briefly, the bodies of the snails were cleaned, lyophilized and ground. To prepare water extracts, 5% (w/v) solutions of each powder (snail body and earthworm powders) in deionized water were prepared and underwent a sonication process for 30 min at room temperature. After centrifugation at 1,550 g for 30 min (Micro 17R centrifuge, Hanil Science Industrial Co., Korea), the supernatant was collected and lyophilized. This lyophilized material was labeled as water extracts and used to optimize the synthesis of AuNPs and AgNPs in the following experiments.
Green synthesis of AuNPs: Each stock solution (1%, w/v, in deionized water) of snail body and earthworm was prepared with the water extracts obtained in the previous section. During the optimization of the reaction conditions, we changed each variable one at a time while keeping the others constant. First, the concentration of HAuCl 4 . 3H 2 O (2 mL) was fixed at 5 mM and mixed with various amounts of 1% (w/v) snail water extract. The final volume of the mixture was adjusted to 4 mL by adding deionized water, and the mixture was incubated at 80°C for 24 h. UV-Vis spectra were recorded in the range of 300-700 nm. Secondly, the concentration of HAuCl 4 . 3H 2 O was varied by mixing 2 mL of 0.25% snail water extract with various amounts of 5.0 mM HAuCl 4 . 3H 2 O stock solution. The final volume was adjusted to 4 mL with deionized water and incubated at 80°C for 10 h. For the earthworm extract, the optimization process of both HAuCl 4 . 3H 2 O and the extract concentrations was conducted similarly to those of snail-AuNPs. Thirdly, to optimize the reaction time, the time was set as a variable. The sample at the optimized reaction condition shown in Table 1 was taken out at each time point, and the UV-Vis spectrum was recorded in the range of 300-700 nm. Finally, the reaction temperature was set as a variable. Four different reaction temperatures (room temperature, 40°C, 60°C and 80°C) were tested under the optimized reaction conditions as shown in Table 1 , and the UV-Vis spectrum was acquired in the range of 300-700 nm.
Green synthesis of AgNPs:
Stock solutions (1%, w/v, in deionized water) of snail body and earthworm were prepared as described in the previous section. The optimization process was conducted similarly to the generation of AuNPs in the previous section. For generation of AgNPs, AgNO 3 was used instead of HAuCl 4 . 3H 2 O.
HR-TEM images:
A JEM-3010 model (JEOL Ltd., Tokyo, Japan) was used to obtain HR-TEM images with the operation at 300 kV. A carbon-coated copper grid (carbon type-B, 300 mesh) was purchased from Ted Pella Inc. (Redding, CA, USA). The sample solution was pipetted onto the grid and then dried overnight at 37°C.
